Abstract -The effect of dynamic cylinder as an active controller to control the base pressure for different level of expansion have been experimentally investigated at Mach 2 through CD nozzle for area ratio 9. Solitary counter clockwise rotating cylinder of 2 mm diameter when seen from top, at 2 mm from side wall of square duct and 8 mm from square nozzle exit in the base region is mounted as a controller. Base pressure in the wake area after sudden expansion of jets from the exit of nozzle has been measured. The length-to-width ratio of sudden expansion duct taken is 10. The experiments were carried out by operating jets for different nozzle pressure ratios (NPR). The wall pressure distribution was also measured for with and without control cases in the duct to see that the amplitude of oscillations does not adversely influence the flow field in the duct. Counter clockwise rotating cylinder as an active controller were found to increase the base pressure as high as 62 percent at NPR 8.5 and 53 percent at NPR 7.8. The control effectiveness is marginal for over expanded nozzles. The wall pressure flow field with and without control are identical with minor fluctuations.
I. INTRODUCTION
The perpetual increase in the rate of consumption of the fuels in vehicles, and the industrialization in the todays world leading to energy crisis, has demanded scientific community to find mean to sustain and economise energy resources to the maximum. One method to do it is by reducing drag. Reduction of high drag on bluff body vehicles such as trucks and buses for incompressible flows and its effect on operational cost was studied in detail by [1] . For airlines in US the largest component of operational cost is the fuel consumption [2] . Study by [3] reveal, fuel costs worldwide spent was 31% of overall operational cost. [4] review on drag revel that 50% of the total drag of a high-speed objects such as missile in jet-off condition is due to base drag. Base drag is a form of pressure drag that dominates at very high speeds and creates a zone of depression behind the bluff bodies. Thus, it becomes a situation inevitably important for the sustenance of world's economy to reduce drag for high speed vehicles in this fast-growing urban society to reduce fuel consumption. As such, the situation demands a smart mechanism which can help us to reduce drag. In this quest of reducing drag, scientists have come up with passive, active and reactive controls [5] . Passive control are inexpensive techniques to reduce pressure drag. Some of the techniques recorded in literature are surface roughness [6] , tab [7] ,groove [8] , splitter plates [9] , limiting tab [10] , cavities [11] . Active control techniques although bit expensive but very effective such as suction [12] , cavities [13] , counter flow blowing [14] , micro jets [15] , plasma actuator [16] are being studied by few researchers. So, to control the base flow say in space launchers, drag reduction and damping dangerous vibrations are equally important [17] . Reattachment length , wall shear stress and oscillations in turbulent flow were studied by direct numerical simulation by [18] .
[19] studied flow development inside a circular duct at Mach 1.3. Managing the base pressure is of significant importance for many applications in engineering but the understanding of physics behind the base drag in today's scenario is still not satisfactory [20] and thus lacking effective control.
II. LITERAURE REVIEW
A new system for controlling of the base drag in high speed regimes by changing the flow pattern inside the recirculation zone by active means for high speed compressible flows to authors knowledge is being studied for the first time. In this context, effect of rotating cylinder in counter clockwise direction as an active controller on base drag and on flow field has been investigated.
[21] studied influence of rotation on the flow over a cylinder using DNS. He concluded that with increase in rotation of cylinder the vortex shedding reduces, pressure distribution and stagnation point shifts, base pressure increases around it. Vortex-induced vibration was experimentally studied for rotating circular cylinder in the crossflow direction [22] . Suppressing vortex shedding of a cylinder at low Reynolds numbers was achieved by using a smaller cylinder outside the recirculation area in the wake of the main cylinder for incompressible flows [23] .
[24] studied the stability analysis of flow past a circular cylinder. He concluded that very high lift coefficient can be achieved for high rotational rate of cylinder but at a critical rotation an instability is unavoidable.
[25] studied influence of rotation on laminar flow at high Reynolds number, steady flow regime for a circular cylinder.He concluded that the drag force decreases with increasing rotational velocities.
[26] studied influence of rotation on turbulent flow at high Reynolds number, unsteady flow regime for a circular cylinder. His results revealed suppression of vortex-shedding for high spin rate. [27] numerically and experimentally investigated the effect of multiple rotating cylinder on base pressure of 3D bluff body at low incompressible flow. Comprehensive numerical investigation of incompressible flow for fixed pair of cylinder was performed for various arrangements [28] . Physics of rotating cylinder as a bluff body is well supported by vast literature. From review of cylinder study, the flow physics for a single rotating cylinder, twin cylinder and the effect of rotation on cylinder and its interaction with surrounding has been well recorded. Most of the study are done for low incompressible and low speed flows and to reduce the vortex shedding by reducing its diameter and/or rotating it. Thus, there is not a single case to the authors knowledge where cylinder is used to control base drag in compressible high speed flows. We propose to use counter clockwise rotating cylinder as an active controller.
III. EXPERIMENTAL SETUP AND PROCEDURE

A. High speed flow facility
The experiments were conducted at the B.I.T research centre at supersonic research laboratory, Mangalore, Karnataka, India. The high-speed test facility is an internal flow apparatus having a settling chamber, with a provision to mount the jet nozzles on its flange. Compressed dry air from the storage tank is ducted to the settling chamber at a very high pressure (150 psi) through a pressure regulatory valve (PRV). Once the flow attains equilibrium in the settling chamber it is expanded through the square nozzles to the suddenly expanded square duct as shown in figure 1 and 2. The desired stagnation pressure in the settling chamber is achieved by controlling the pressure regulatory valve (PRV). Pressure transducer 9205 using LabVIEW as a virtual instrumentation with DAQ helps acquire data for measuring stagnation pressure at the settling chamber, base pressure at dead zone and wall pressure along the duct. 
B. Fabrication process
The experimental model used in the present study is CD square nozzle of semi divergence angle of 5 degree which is fabricated from brass as shown in figure 3 . The exit diameter of the nozzle is 10 mm. A 30×30 mm cross-sectional square duct with side sliding glasses is attached to the nozzle fastened with settling chamber is also fabricated from brass as shown in figure  2 . The control steel cylinder of 2 mm diameter, rotating counter clockwise is attached with the motor and adjustable two roof table as shown in the figure 4. Base pressure after sudden expansion is measured at 4 places, 11.5 mm from centre of nozzle. Flange of square nozzle has 8 holes to fasten it with square duct. The sudden expansion square duct was also fabricated from brass with its length 10 times its width i.e. L/W=10. Duct wall pressure taps used were 1.2 to 1.5 mm outer diameter stainless steel tube inserted in to the duct having holes of 1 mm internal diameter. These tubes were made tight with araldite. Holes near the base region were made at 3 mm apart in axial direction as this area is focused in the study. Then gradually made 4 mm apart and it progressively increased so on and so forth until maximum duct length of 300 mm. The first hole was arranged at 7 mm and the last hole was arranged at 290 mm from nozzle exit to measure the wall pressure. The NPR used for this study were 2, 3, 6, 7.8, and 8.5 to cover all the level of expansion. The area ratio A2/A1 tested was 9 and the nozzle exit Mach number was 2. The settling chamber was provided with wire meshes to eliminate flow angularity and turbulence level. When the flow becomes steady the settling chamber pressure was recorded. At steady flow conditions the base pressure and the wall pressure in the duct were recorded by pressure transducers. Measurements for all NPRs for no control and control were completed for L/W=10 of the square duct of 30*30 mm 2 crosssectional area. Figures 2 and 4 show the sequence with which all parts are assembled. Firstly, the nozzle is fastened to settling chamber and the flange of square duct is attached to the flange of square nozzle. Slot holes on top and bottom of duct is for cylinder penetration. Cylinder is further attached to motor through bush mechanism. The cylinder is well secured inside the slot so that it is not moved away from its position. After mounting control cylinder in its position, the slot holes are covered with doctor's tape. It helps prevent leakage. Two amperes current is supplied to rotate the cylinder counter clockwise, when viewed from top. Cylinder can be installed from below or from top due to the flexibility of adjustable table made of aluminium. It can be rolled left or right and up and down for centring. It sits on flange of square duct on one end and wood block on the other end so that it can be mounted vertically into the duct.
IV.RESULTS AND DISCUSSIONS
Main objective of this investigation is ascertaining the effectiveness of the active control in the form of a rotating cylinder, located in the recirculation zone, to control the base pressure. The parameters considered are NPR, L/W, and A2/A1 at Mach 2. The percentage change in base pressure was calculated and presented as a function of NPR in figure 5 . The percentage change in base pressure is given by, % Pb = [(Pb control-Pb no control)/Pb no control] × 100
The NPRs tested are such that the flow from the nozzle is over expanded (NPRs 2 to 6), perfectly expanded (NPR = 7.8) and under expanded (NPR = 8.5). From the figure, it is seen that as long as the flow is over expanded the effectiveness of the active control in the form of the rotating cylinder is only marginal and the percentage increase in the base pressure remains in the range from 2 to 12 % for these NPRs. However, when the tests were conducted for NPR = 7.8, there is substantial increase in the base pressure (53 %) and at NPR = 8.5, when jet is under expanded the increase is nominal (60%). Hence, when the aim is to increase the base pressure and decrease the base drag then NPR 7.8 and 8.5 are the right combinations.
Nozzle Pressure Ratio (NPR) Fig. 5 Percentage Change in Base Pressure with NPR In the case of unguided rockets, missiles and canon launched shells where the base drag is 50 % of the total drag will be very useful to increase their kill capabilities.
Variation of base pressure with NPR is shown in figure 6 . For without control case the base pressure continue to decrease for all the NPRs. The reason for this trend is that the area ratio is very high which means that the flow has got sufficient relief, and vortex located in the base region will not be able to create suction which will be possible in the case of lower area ratios. Hence, with the increase in the NPRs the over expansion level will decrease continuously and the same has been observed in figure 6 . When the active controls were employed it is observed that right from NPR 2 to 6, the base pressure has increased Percentage Change in Base Pressure keeping the trend of base pressure decreasing till NPR 6 then it starts increasing substantially from NPRs 7.8 and 8.5. This appreciable increase happens when the jets are either correctly expanded or are under expanded. This trend matches with the existing bench mark [29] . As control cylinder, itself is a bluff body and have inherent property of shedding vortices, so there is a possibility that it might disturb the flow field in the square duct. To observe the nature of flow field in the duct the wall pressure was measured.
Nozzle Pressure Ratio (NPR) As critical condition is reached at NPR = 1.89, leading to over expansion at nozzle exit at NPR = 2. The Wall pressure in the enlarged duct begins with a very high value of 0.94, decreases up to X/W=1 for without control, which seems to be the reattachment length, then further downstream due to presence of shock wave it shoots out to atmospheric pressure measured equal to atmospheric pressure. Again, a drop-in pressure is observed due to the presence of expansion fan and then further downstream it reaches atmospheric pressure. In the base region, there is variation of base pressure in the range of 5 to 10 % for NPRs 2 to 3. Interestingly no adverse effect due to the active control as evident from the wall pressure flow field which is considered, to be very good phenomena whenever controls are employed (figures 7 and 8).
Axial distance to width Ratio (X/W) Fig. 8 Flow development in the duct at NPR 3 Figure 9 shows wall pressure for NPR = 6. At X/W=1.0 the shock strength is very strong as wall pressure jumps from 0.65 to 1.0 which is almost ambient pressure value. Further the control is very effective at this NPR and results inconsiderable increase of wall pressure for X/W in the range 2 to 6 and later in the downstream there is nominal increase of wall pressure along the length of the enlarged duct.
Axial distance to width Ratio (X/W) Fig. 9 Flow development in the duct at NPR 6 Wall pressure for perfectly expanded nozzle are displayed in figure 10 . Clearly the effectiveness of control cylinder can be seen at X/W = 0 where before control the pressure was quite low but when control was employed the base pressure is enhanced by 53 percent, unlike the previous case. Even though the nozzle is perfectly expanded we observe the sudden increase as well as the decrease in the wall pressure at X/W = 1 and 2 which shows that the shock waves are present in the flow field of the duct.
Axial distance to width Ratio (X/W) Fig. 10 Flow development in the duct at NPR 7.8 Figure 11 presents the wall pressure results for highest NPR = 8.5, achieved in this experiment.
Axial distance to width Ratio (X/W) Figure 11 . Flow development in the duct at NPR 8.5 Trend shows at X/W = 0 there was high depression and control could increase 62 percent but from X/W = 4 the control results in decrease of the wall pressure. This trend could be due to presence of the waves and the interaction of the shock with the duct walls.
V. CONCLUSIONS
The base drag is dependent on geometric parameters such as area ratio (A2/A1), length to width ratio (L/W) and on the flow parameters such as nozzle pressure ratio (NPR) and the Mach number (M). For lower NPRs when the flow is over expanded, the control effectiveness is marginal until NPR 6 which shows that the base pressure strongly dependent on the level of expansion. When the nozzles are perfectly expanded, the base pressure assumes lower values unlike in case of over expanded where due to the presence of oblique shock at the nozzle exit the base pressure values is very high and the control is effective. The flow field in the duct remains identical till perfectly expanded case but shows fluctuations in the flow field after X/W = 4. Active control seems to be effective for higher NPR (NPR > 6). The flow field for perfectly expanded nozzle is dominated by wave drag.
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